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Abstract
BACKGROUND: Fed-batch culture allows the cultivation of Arthrospira platensis using urea as nitrogen source. Tubular
photobioreactors substantially increase cell growth, but the successful use of this cheap nitrogen source requires a knowledge
of the kinetic and thermodynamic parameters of the process. This work aims at identifying the effect of two independent
variables, temperature (T) and urea daily molar flow-rate (U), on cell growth, biomass composition and thermodynamic
parameters involved in this photosynthetic cultivation.
RESULTS: The optimal values obtained wereT = 32 ◦C andU = 1.16 mmol L−1 d−1, under which the maximum cell concentration
was 4186 ± 39 mg L−1, cell productivity 541 ± 5 mg L−1 d−1 and yield of biomass on nitrogen 14.3 ± 0.1 mg mg−1. Applying
an Arrhenius-type approach, the thermodynamic parameters of growth (H∗ = 98.2 kJ mol−1; S∗ = −0.020 kJ mol−1 K−1;
G∗ = 104.1 kJ mol−1) and its thermal inactivation (HoD = 168.9 kJ mol−1; SoD = 0.459 kJ mol−1 K−1; GoD = 31.98 kJ mol−1)
were estimated.
CONCLUSIONS: To maximize cell growth T and U were simultaneously optimized. Biomass lipid content was not influenced
by the experimental conditions, while protein content was dependent on both independent variables. Using urea as nitrogen
source prevented the inhibitory effect already observed with ammonium salts.
c© 2012 Society of Chemical Industry
Keywords: Arthrospira (Spirulina) platensis; biomass composition; fed-batch process; kinetics and thermodynamics; tubular
photobioreactor; urea
NOTATION
A pre-exponential factor related to the acti-
vation entropy (d−1)
Adjusted R2 adjusted determination coefficient (di-
mensionless)
B pre-exponential factor depending on the
standard entropy variation (dimension-
less)
G∗ activation Gibbs energy of growth
(kJ mol−1)
GoD standard variationofGibbs energy of ther-
mal inactivation equilibrium (kJ mol−1)
H∗ activation enthalpy of growth (kJ mol−1)
HoD standard variation of enthalpy of thermal
inactivation equilibrium (kJ mol−1)
S∗ activation entropy of growth
(kJ mol−1 K−1)
SoD standard variation of entropy of thermal
inactivation equilibrium (kJ mol−1 K−1)
h Planck’s constant (J s)
k Boltzmann’s constant (J K−1)
µ specific growth rate (d−1)
µm maximum specific growth rate (d−1)
Nt total nitrogen mass added (mg)
P significance level (dimensionless)
Px cell productivity (mg L−1 d−1)
R ideal gas constant (J K−1 mol−1)
T temperature (◦ C or K)
Topt optimum temperature (
◦ C)
Tc cultivation time (d)
U urea molar flow-rate (mmol L−1 d−1)
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V reactor volume (L)
X cell concentration (mg L−1)
X1 codified values of T (dimensionless)
X2 codified values of U (dimensionless)
Xm maximum cell concentration (mg L−1)
Xo starting cell concentration (mg L−1)
YX/N yield of biomass on nitrogen (mgmg−1)
INTRODUCTION
Cyanobacteria have attracted increasing interest in recent years
and are nowadays commercially used in many applications.1,2,3
Among them, the cyanobacterium Arthrospira (Spirulina) platensis
is commonly cultivated photoautotrophically for the production
of biomass with high contents of proteins (around 70% of dry
mass).4 Its biomass also contains lipids (13%) and pigments,
mainly chlorophyll, phycocyanins and carotenoids.5
The production of photosynthetic microorganisms has been
carried out both in open ponds and engineered photobioreactor
systems, such as vertical, horizontal or helicoidal tubular
reactors,6,7 flat-plate reactors8 or membrane photobioreactors.9
Tubular reactors provided with the airlift system10 are among the
most popular types because of the satisfactory gas transfer and
light utilization efficiency.
In closed photobioreactors, high volumetric productivities are
desired in order to reduce the photobioreactor size. In a tubular
photobioreactor, the light intensity is very high at the reactor
wall and decreases with increasing radial depth, owing to the
absorption of light by the photosynthetic microorganism. As a
consequence, cells are exposed to light/dark cycles at high light
intensities close to the reactor surface and dark zones in the inside
of the photobioreactor.11
Cultivations ofA. platensis are influencedbyphysical and chemi-
cal variables such as temperature, light intensity, nitrogen and car-
bon sources andpH. Inparticular, the successofA. platensisgrowth
dependsonmaintenanceof both cultivation temperaturenear the
optimum and light intensity below a photoinhibition threshold.12
The conventional nitrogen sources for the production of
Arthrospira are sodium or potassium nitrates. However, the
use of the fed-batch process made possible the use of a
cheaper nitrogen source like urea either in open reactors13,14,15
or tubular photobioreactors,16 ensuring significant reduction
of the production costs. It was shown that concentrations
of urea higher than 300–500 mg L−1 exerted strong growth
inhibition in batch cultivation.17 Such a drawbackwas successfully
overcame by the fed-batch addition of urea13,15 that favored
growth bioenergetics.17 Even the availability of urea during the
cultivation depends on temperature; such a nitrogen source is in
fact partly hydrolyzed under alkaline conditions to ammonia, and
then it is lost by off-gassing, thus limiting the growth.18
The novelty of this study in relation to previous literature is
the investigation of the simultaneous influence of temperature
and urea molar daily flow-rate on final cell concentration, cell
productivity, nitrogen-to-cell conversion factor and biomass
composition of A. platensis grown in a tubular photobioreactor.
The main thermodynamics parameters of biomass growth and its
thermal inactivation were also estimated.
MATERIALS AND METHODS
Microorganism and inoculum preparation
The selected cyanobacterium, Spirulina platensis UTEX 1926,
classified as Arthrospira (Spirulina) platensis (Nordstedt) Gomont,19
was obtained from the University of Texas Culture Collection. It
was maintained at 25 ◦C using a standardmediumwhich includes
sodium nitrate as nitrogen source.20
A. platensis, previously grown in 500 mL Erlenmeyer flasks
containing 200 mL of standard medium on a rotary shaker at
100 rpm, 30 ◦C and 6.0 klux light intensity, corresponding to a
photosynthetic photon flux density (PPFD) of 72 µmol photons
m−2 s−1, was harvested during the exponential phase, filtered
through membranes with 50 µm pore diameter, and washed
twice with a 0.9%NaCl solution to completely remove the residual
NaNO3. Cells were re-suspended in the same standard medium
without NaNO3 and used to inoculate the photobioreactor. A
culture medium with the same composition as the previous one,
butwith urea instead ofNaNO3,was used to investigate the effects
of temperature and urea molar flow-rate on A. platensis fed-batch
growth. The starting cell concentrationwas 400 mg L−1 according
to Soletto et al.7
Growth conditions
The tubular photobioreactor was built-up at the Fermentation
Technology Laboratory of the Department of Biochemical and
Pharmaceutical Technology of Sa˜o Paulo University. It was made
upof 40glass tubes, eachof themhaving0.01 m internal diameter,
0.015 mwall thickness and 0.5 m length, in order to allow effective
light penetration.21 The working volume of the system was 3.5 L,
about 66% of which was illuminated. Culture circulation was
ensured by an airliftmechanismprovidedwith an air pump (Seven
Star, Guangdong, China), and the volumetric culture flow-rate was
set at 40 ± 1 L h−1 by a rotameter (Omel, Guarulhos, SP, Brazil).
The pH of the culture mediumwas controlled at 9.5± 0.2 by daily
addition of CO2 from a cylinder.10 Continuous light intensity was
regulated at 10 klux, corresponding to 120 µmol photonsm−2 s−1,
by fluorescent lamps and an illuminance meter, model LI-250A
(LICOR, Lincoln, NE).22 Temperature was regulated at the selected
values by means of resistances submerged in the cultivation
medium. Fed-batch cultivations were performed by daily pulse-
feeding a 1.33 mmol L−1 urea solution as nitrogen source13 at
constantmolar flow-rates according to the experimental schedule
shown in Table 1. A standard run was performed batch-wise with
2.5 g L−1 NaNO3,20 so as to have a comparison basis.
Analytical methods
Dry biomass concentration (X) was determined by optical density
(OD)measurementsat560 nm23 usingacalibrationcurveandaUV-
Vis spectrophotometer, model 700 plµs (Femto, Sa˜o Paulo, Brazil).
ThepHwasdeterminedbyapotentiometer (Mettler Toledo2100E,
Sa˜o Paulo, Brazil). In cell-free medium samples the concentration
of free ammonia released by urea hydrolysis was determined by
a potentiometer, model 710A (Orion, Beverly, MA, USA) and a
selective electrode of ammonia, model 95–12 (Orion).24
Finally, after harvesting the cells at the end of cultivations, they
were centrifuged, washed with distilled water in order to remove
all adsorbed salts, and dried at 55 ◦C for 12 h. The total protein
content of dry biomass was determined by the Kjeldahlmethod,25
and its lipid content by extraction in Soxhlet apparatus with a 2 : 1
(v/v) chloroform–methanol solution.26
Kinetic parameters calculation
The specific growth rate (µ) was calculated by the method of
Leduy and Zajic.27 The yield of biomass on nitrogen, YX/N, was
calculated as the ratio of the produced cell mass (V · Xm − V · Xo)
J Chem Technol Biotechnol 2012; 87: 1574–1583 c© 2012 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Table 1. Experimental results of A. platensis cultivations at different temperatures (T) and urea molar flow-rates (U)
Run X1a X2b
T
(◦ C)
U
(mmol L−1 d−1)
Xmc
(mg L−1)
Pxd
(mg L−1 d−1)
YX/Ne
(mg mg−1)
µm
f
(d−1)
PTNg
(%)
LIPh
(%)
Part A: Initial experimental design
1 −1 −1 25.0 0.385 2142 249 15.46 0.413 22.28 7.98
2 1 −1 33.0 0.385 2325 385 21.12 0.592 19.44 6.77
3 −1 1 25.0 0.717 2658 323 12.70 0.477 24.99 8.80
4 1 1 33.0 0.717 3215 352 14.23 0.465 23.55 6.39
5 0 −1.414 29.0 0.316 1754 271 16.62 0.392 24.99 6.73
6 −1.414 0 23.3 0.551 2317 320 14.77 0.527 28.33 7.98
7 0 1.414 29.0 0.786 3520 390 14.63 0.527 26.90 8.76
8 1.414 0 34.6 0.551 2932 362 17.43 0.298 21.00 6.34
9 0 0 29.0 0.551 2951 364 17.56 0.502 26.61 6.90
10 0 0 29.0 0.551 2846 349 16.84 0.491 25.49 6.64
11 0 0 29.0 0.551 2843 349 16.82 0.516 24.28 6.33
Part B: Additional runs for optimization
12 −1 2 25.0 0.883 3207 401 13.35 0.480 23.10 9.78
13 0 2 29.0 0.883 3975 511 17.00 0.613 25.15 6.63
14 1 2 33.0 0.883 4058 523 17.39 0.600 27.90 6.82
15 2 2 37.0 0.883 3502 443 14.75 0.556 32.85 6.91
16 1 1.414 33.0 0.786 3408 501 17.77 0.603 24.28 7.12
17 2 1 37.0 0.717 2331 386 14.03 0.482 23.64 7.27
18 0 4 29.0 1.215 4162 537 13.66 0.645 25.55 6.63
19 1 4 33.0 1.215 4538 591 15.03 0.685 27.47 6.35
20 2 4 37.0 1.215 3928 504 12.81 0.547 30.57 7.72
21 0 8 29.0 1.879 2260 310 5.27 0.434 38.70 8.25
22 1 8 33.0 1.879 2323 321 5.45 0.484 39.49 7.98
23 2 8 37.0 1.879 2201 360 6.00 0.455 38.68 7.87
Part C: Additional runs for optimization confirmation
24 0.685 3.667 31.7 1.160 4156 537 14.20 0.731 30.20 7.38
25 0.685 3.667 31.7 1.160 4171 539 14.25 0.731 32.96 7.06
26 0.685 3.667 31.7 1.160 4230 547 14.47 0.732 29.01 7.69
Part D: Standard runi
27 – – – – 3370 424 25.25 0.423 23.46 9.85
a X1 = codified values of temperature (T).
b X2 = codified values of urea molar flow-rate (U).
c Xm = maximum cell concentration.
d Px = cell productivity.
e YX/N = yield of biomass on nitrogen.
f µm = maximum specific growth rate estimated at the start of cultivations.
g PTN = Protein content of dry biomass.
h LIP = Lipid content of dry biomass.
i Standard batch run carried out with 2.5 g L−1 NaNO3.
to the amount of nitrogen added to the system (Nt), Xm being the
maximum value of cell concentration in the reactor and Xo that at
the beginning, respectively, and V the photobioreactor working
volume (3.5 L). This parameter was referred to the cultivation time
(Tc), definedas the timenecessary to reachXm. Thecell productivity
(Px) was calculated as the ratio of the corresponding variation in
cell concentration (Xm − Xo) to the cultivation time.
Experimental design
The response surface methodology (RSM) is a group of statistical
techniques used to evaluate relationships existing betweenoneor
more measurable response variables and a number of significant
independent variables.28 The selected experimental design was a
22-factorial one, increased with three repetitions of the central
point so as to give a star configuration.29 To this purpose,
its central composition, based on the accomplishment of four
experiments at the classic levels of the 2n-factorial planning
(codified values±1.000), was complemented by four experiments
with 45o rotation (codified values ±1.414) (Table 1). The codified
values of the factorial experimental design were proportional to
the actual values of both selected independent variables, namely
the temperature (T) and the daily urea molar flow-rate (U). Each
unit of codified value corresponded to the actual value of 4 ◦C or
0.166 mmol L−1 d−1 urea, and the central point was represented
by 29 ◦C and 0.551 mmol L−1 d−1 urea.
Data elaboration
Each response (Yi) was fitted by multivariable regression analysis
to relate it to the independent variables, according to the general
wileyonlinelibrary.com/jctb c© 2012 Society of Chemical Industry J Chem Technol Biotechnol 2012; 87: 1574–1583
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second-order equation:
Yi = ai +
∑
j
bijXj +
∑
j
cijX
2
j +
∑
j
dijj′ XjXj′ (1)
with Y1 = Xm, Y2 = Px and Y3 = YX/N, and X1 and X2 the codified
values of the independent variables T and U, respectively.
In this equation i and j represent the responses and the
independent variables, respectively, while j′ indicates their
interactions; ai is the intercept, bij are the linear coefficients,
cij the quadratic coefficients and dijj′ the interaction ones. For the
codified values of the independent variables, significance levels of
P < 0.05 were considered for all linear, quadratic and interaction
coefficients. Besides, the analyses of variance for the regressions
were performed considering an error of 5% at most (P < 0.05).
The analyses of regression as well as the analyses of variance were
done utilizing the statistical package S-PLUS 2000. According to
Nikerel et al.,30 the codified levels rather than the actual values of
the independent variables were used for regression.
Thermodynamics of growth and thermal inactivation
Cell growth in different bioprocesses15,31,32 was proposed to be
kinetically controlled by the activity of one enzyme limiting the
overall metabolism. At temperature lower than the optimum
(T < Topt), i.e. under conditions of negligible enzyme inactivation,
the maximum specific growth rate (µm) was described by the
Arrhenius-type equation:
µm = A exp(−H∗/RT) (2)
where H∗ the activation enthalpy of growth, R the ideal gas
constant,
A = kT
h
exp(−S∗/R) (3)
a pre-exponential factor related to the activation entropy (S∗),
and h and k are the Planck’s and Boltzmann’s constants,
respectively.
However, as described by Roels,33 at temperature higher than
the optimum (T > Topt), the limiting enzyme is subject to a
temperature-dependent inactivation equilibrium responsible for
the transformation of its active form (E) to an inactivated one:
E = Eo
1 + KD (4)
where Eo is the starting concentration of E and KD the inactivation
equilibrium constant.
Applying the Gibb’s equation to this equilibrium and the
Michaelis–Menten theory adapted to growth, we obtain:
µm = A exp(−H
∗/RT)
1 + B exp(−HoD/RT)
(5)
where HoD is the standard enthalpy variation of the inactivation
equilibrium and
B = exp(SoD/R) (6)
an additional pre-exponential factor depending on the standard
entropy variation of the same equilibrium (SoD).
Under these conditions, the contributionof the inactivated form
of the enzyme becomes predominant owing to KD increase, so
Equation (5) simplifies to:
µm = A
B
exp
(
HoD/H
∗)
RT
)
(7)
The values of the above thermodynamic parameters of growth
and thermal inactivation were estimated from semi-log plots
of In µm versus the reciprocal temperature, according to
Equations (2) and (7), respectively.
RESULTS AND DISCUSSION
Effects of temperature and urea daily molar flow-rate
As is well known, Arthrospira platensis grows optimally at pH in
the range 9–10. Under these conditions, ammonia enters the cells
by diffusion, and then it is directly taken up without consuming
energy. Despite that, since its pKb is 9.25, the higher the pH, the
higher the NH3 concentration in the medium, hence the greater
the loss of ammonia by off-gassing. It was also shown that, in this
optimum pH range, A. platensis utilizes ammonia preferentially
over nitrate,34 probably due to the fact that the consumption
of the former nitrogen source does not imply any energy
expense,24 whereas the latter has to be reduced beforehand.35
BatchcultivationsofA. platensisareusuallycarriedoutusingnitrate
as nitrogen source in the formof KNO3 or NaNO3;36,20 but, to lower
the production costs, alternative nitrogen sources like urea and
ammonium salts are presently taken into consideration. However,
satisfactory resultswereobtained inpreviousstudiesperformedby
fed-batch supply of urea, because this mode of operation allowed
the ammonia concentration in themedium to be kept at optimum
levels for cell growth throughout thewholecultivation.15,37 For this
reason, the fed-batch operation was preferred also in this study.
Figure 1 shows the behavior of biomass concentration versus
time in runs carried out under different conditions, whereas
Table 1 lists the results obtained in terms of maximum biomass
concentration (Xm), cell productivity (PX ), yield of biomass on
nitrogen (YX/N) and maximum specific growth rate (µm). The
absence of a lag phase in most of the runs can be attributed to
several causes, among them the use of the same medium, apart
from the nitrogen source, and of cells harvested during the expo-
nential phase as inoculum.15 The shortest cultivation time (6 days)
observed in the run 17 (T = 37 ◦C, U = 0.717 mmol L−1 d−1) as
well as in the run 23 (T = 37 ◦C, U = 1.879 mmol L−1 d−1) was the
likely result of partial loss of urea as ammonia during cultivation,38
favored by the relatively high temperature, hence the consequent
limitation of growth (Xm = 2201 mg L−1). As pointed out in
previous work carried out in open pond with the same nitrogen
source, the adoption of a temperature significantly higher than
the optimum for the A. platensis strain employed in this study
(29 ◦C)15 could have been responsible for thermal inactivation of
the growth like that observed for other microorganisms.32,39,40
On the other hand, at temperature lower than the optimum
as in the run 1 (T = 25 ◦C, U = 0.385 mmol L−1 d−1), the system
exhibited the lowest productivity (only 249 mg L−1 d−1). It is
well known that in most algal species growth increases nearly
proportionally to light intensity and, when it becomes close to
the saturation point, as in the present study, light inhibition
may occur.41 So, the combination of low temperature, low urea
daily molar flow-rate and relatively high light intensity may have
induced light inhibition in this run.
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A B
C D
Figure 1. Behavior of biomass concentration during fed-batch cultivations of A. platensis under different conditions. A: () T = 33 ◦C,
U = 0.717 mmol L−1 d−1; (◦) T = 33 ◦C, U = 0.883 mmol L−1 d−1; ()T = 33 ◦C, U = 0.786 mmol L−1 d−1; (×)T = 33 ◦C, U = 1.215 mmol L−1 d−1;
() T = 33 ◦C, U = 1.879 mmol L−1 d−1; (−)T = 34.6 ◦C, U = 0.551 mmol L−1 d−1. B: (♦) T = 25 ◦C, U = 0.385 mmol L−1 d−1; (∗) T = 25 ◦C,
U = 0.717 mmol L−1 d−1; (+)T = 25 ◦C, U = 0.883 mmol L−1 d−1; ()T = 37 ◦C, U = 0.883 mmol L−1 d−1; ()T = 37 ◦C, U = 0.717 mmol L−1 d−1;
(•)T = 37 ◦C, U = 1.215 mmol L−1 d−1; (×)T = 37 ◦C, U = 1.879 mmol L−1 d−1. C: (♦)T = 29 ◦C, U = 0.316 mmol L−1 d−1; (∗) T = 29 ◦C,
U = 0.786 mmol L−1 d−1; (+)T = 29 ◦C, U = 0.883 mmol L−1 d−1; ()T = 29 ◦C, U = 1.215 mmol L−1 d−1; (•)T = 29 ◦C, U = 1.879 mmol L−1 d−1;
(×)T = 23, 3 ◦C, U = 0.551 mmol L−1 d−1. D: (♦) T = 32 ◦C, U = 1.16 mmol L−1 d−1; (∗) T = 32 ◦C, U = 1.16 mmol L−1 d−1; (•)T = 32 ◦C,
U = 1.16 mmol L−1 d−1; ()T = 29 ◦C, U = 0.551 mmol L−1 d−1; (+)T = 29 ◦C, U = 0.551 mmol L−1 d−1; ()T = 29 ◦C, U = 0.551 mmol L−1 d−1.
Thehighestbiomass concentration (4538 mg L−1)wasobtained
in run 19 (T = 33.0 ◦C; U = 1.215 mmol L−1 d−1), i.e. under
experimental conditions similar to the optimum ones reported by
Rafiqul et al.42 for the same microorganism (T = 32.0 ◦C and pH
9.0). Interestingly, this value is higher not only than those reported
for the use of urea in open bioreactors operated in fed-batch
(749.0 mg L−1)15 or repeated fed-batch (2101 mg L−1)14 mode,
but also than the one obtained in the standard run performed in
this work with nitrate as nitrogen source (3370 mg L−1) (Table 1).
In contrast, the lowest value of final biomass concentration
(1754 mg L−1) obtained in the run 5 (T = 29.0 ◦C; U =
0.316 mmol L−1 d−1) was likely the result of nitrogen limitation,
as suggested by the yellow color of cells detected during this
cultivation.
With regard to the effect of the ureamolar flow-rate,making ref-
erence toagiven temperature (33 ◦C), an increase in thisparameter
from 0.385 mmol L−1 d−1 (run 2) to 1.215 mmol L−1 d−1 (run 19)
led to a corresponding increase in the final cell concentration from
2325 to 4538 mg L−1, suggesting that, under these conditions,
nitrogen availability was undoubtedly one of the possible factors
limiting growth. These results show that the conditions of the run
19 were those ensuring the highest cell concentration. So, taking
into account the diverging behaviors of biomass productivity and
yield on nitrogen, they apparently represented the best compro-
misebetweenthese responses for fed-batchA. platensiscultivation
in tubular photobioreactor with urea as nitrogen source.
The maximum specific growth rate (µm) occurred at the
beginning of cultivations. Table 1, part C, shows that the
confirmation runs exhibited µm values (0.731–0.732 d−1) higher
than those obtained in open ponds for the samemicrobial system
and nitrogen source (0.33–0.62 d−1)15 and even that of the
standard run carried out in this work in standard medium (run 27)
(0.423 d−1). These results clearly demonstrate not only the better
performance of tubular photobioreactors over open bioreactors,
but also the viability of using urea as cheaper nitrogen source than
nitrate.
Multivariable regression analysis
The results collected in this work following the above statistical
design were then used to perform a multivariable regression
analysis, aiming at evaluating more rigorously the simultaneous
influence of the independent variables under investigation,
wileyonlinelibrary.com/jctb c© 2012 Society of Chemical Industry J Chem Technol Biotechnol 2012; 87: 1574–1583
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Figure 2. Codified levels employed in the initial experimental design
() and the additional runs (•) necessary to optimize the maximum cell
concentrationofA. platensiscultivations.X1 codifiedvaluesof temperature;
X2 codified values of urea daily molar flow-rate.
namely temperature (X1) and urea molar flow-rate (X2), on
the selected dependent variables, specifically maximum cell
concentration (Xm), cell productivity (PX ), and yield of biomass
on nitrogen (YX/N). To this purpose we used the statistical
methodology described in the Materials and methods section.
However, the optimization of Xm required an expansion of the
experimental design as suggested by Fratelli et al.43 and Bezerra
et al.38; therefore, additional experiments (runs 12–23) were
carried out, whose results are illustrated in Fig. 2 and summarized
in Table 1, part B.
Finally, a quadratic polynomial equation, derived from Equa-
tion (1), was obtained to express the relationship between Xm and
the selected independent variables. The optimal conditions to
maximize such a response (T = 31.74 ◦C; U = 1.16 mmol L−1 d−1)
were estimated by deriving Equation (1), and Fig. 3 shows the cor-
responding response surface (panel A) and contour plot (panel B)
obtained by the RSM. The maximum final cell concentration esti-
mated by themodel (4203 mg L−1) was 24.7%higher than the one
of the standard run (Table 1) and0.4%higher than themeanexper-
imental value of the confirmation runs (Xm = 4186 ± 39 mg L−1),
which confirms the model validity.
Table 2 summarizes the results of the quadratic multivariable
analysis as well as those of the corresponding analysis of
variance for the three responses as functions of codified values
of temperature and urea molar flow-rate. The significance of
this statistical investigation is demonstrated by values of the
global significance level P < 0.001. These results taken together
demonstrate that both independent variables had statistically
significant influence on the maximum biomass concentration.
In particular, as shown in Fig. 3, Xm was a quadratic function
of both X1 and X2, with negative values of the corresponding
quadratic coefficients, whichmeans that it progressively increased
with increasing both independent variables up to a threshold
value, beyond which it appreciably decreased. Likewise Xm, the
RSM was used to evaluate the influence of temperature and
urea molar flow-rate either on PX (Fig. 4) or on YX/N (Fig. 5),
employing the experimental data of these parameters listed in
Table 1 (parts A and B). The results of the multivariable regression
A
B
-1.0 -0.5 0.0 0.5 1.0 1.5
X1
-1
0
1
2
3
4
X 2
 
Figure 3. (A) Response surface of maximum cell concentration, Xm
(mg L−1), estimated as function of the codified values of temperature
(X1) and urea molar flow-rate (X2). (B) Contour plot of Xm as function of X1
and X2.
analysis demonstrated that also PX and YX/N were quadratic
functions of X1 or X2 (Table 2), but, contrary to Xm, they were
separately influenced by them. Finally, also the experimental cell
productivity (541±8 mg L−1 d−1) and nitrogen-to-cell conversion
factor (14.3 ± 0.1 mgmg−1) were close to the corresponding
estimated values.
Biomass composition
The lipid and protein contents of biomass of several microalgae
depend on nutritional and environmental factors.26 Consistently
with the poor lipid content of cyanobacteria, Arthrospira sp. was
reported to contain only 6–13% lipids.2,42
The results of Table 1 show that, under the conditions
employed in this study, the biomass lipid content of A. platensis
was not influenced by temperature and urea molar flow-rate,
varying (6.33–9.85%) within the range of values reported in the
literature for this microorganism.42 These results are practically
coincident with those of the confirmation runs (7.38 ± 0.32%)
performed under optimal conditions (T = 31.7 ◦C and U =
1.16 mmol L−1 d−1) and little lower than that obtained in the
standard run (9.85%).
As known, thenitrogenassimilatedbyanymicroorganism is first
used to grow, and then the excess is eventually stored in the form
of organic material, such as proteins. The biomass protein content
in this studywas clearly dependent on both temperature and urea
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Table 2. Correlation coefficients estimated by Equation (1) for pre-
diction of the maximum cell concentration, Xmˆ , volumetric cell
productivity, PXˆ , and yield of biomass on nitrogen, YXˆ/N
Parameter Xmˆ PXˆ YXˆ/N
yi i = 1 i = 2 i = 3
ai 2967 370.76 17.18
bij
j = 1 170.1 −37.95 1.429
j = 2 642.5 68.06 −0.568
cij
j = 1 −285.1 −20.31 −0.877
j = 2 −93.22 −9.037 −0.107
dijj′
jj′ = 1 60.12 0.00 0.00
Fcalc 33.84 16.10 38.28
Adjusted R2 0.88 0.73 0.87
P value <0.001 <0.001 <0.001
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Figure 4. (A) Response surface of cell productivity, PX (mg L−1 d−1),
estimated as function of the codified values of temperature (X1) and
urea molar flow-rate (X2). (B) Contour plot of PX as function of X1 and X2.
molar flow-rate. In particular, as shown in Table 1, it increasedwith
temperature for U ≥ 0.883 mmol L−1 d−1 up to a maximum value
of 39.5% in the run 22 (T = 33 ◦C and U = 1.879 mmol L−1 d−1)
and decreased with temperature for U ≤ 0.717 mmol L−1 d−1.
Also biomass produced in the confirmation runs had a protein
content (30.7± 2.02%) higher than that grown in nitrate standard
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Figure 5. (A) Response surface of the yield of biomass on nitrogen, YX/N
(mg mg−1), estimated as function of the codified values of temperature
(X1) and urea molar flow-rate (X2). (B) Contour plot of YX/N as function of
X1 and X2.
run (23.46%), being close to the range (28–38%) previously
reported by Ferreira et al.22 in photobioreactor with the same
configuration by fed-batch process with ammonium sulfate as
nitrogen source.
Thermodynamic evaluation of the system
A. platensis thermodynamics in tubular photobioreactor was
investigated by additional cultivations carried out during 5 d
at the above optimumvalue of U (1.16 mmol L−1 d−1), but varying
temperature from 19 to 38 ◦C. Plotting according to Arrenhius the
µm valuesof these runsversus the reciprocal absolute temperature
(Fig. 6), one can observe two different straight lines, the one
describing the behavior of the biosystem at temperatures higher
than the optimum (T ≥ Topt) and the other at T ≤ Topt , from
the features of which the thermodynamic parameters either of
growth (Equation 2) or of its thermal inactivation (Equation 7)
were estimated (Table 3). As far as the behavior of µm at
T ≤ Topt is concerned, it was consistent not only with the
general acceleration of the metabolism up to the optimum
temperature, but also with the protecting effect of temperature
against photooxidation suggested by Jensen and Knutsen44 for
photosynthetic microorganisms.
The activation enthalpy of growth (H∗ = 98.2 kJ mol−1)
was higher than those reported for the growth of other
microorganisms (H∗ = 34–74 kJ mol−1)32,39,40,45 or the fer-
mentative formation of different bioproducts like ethanol, xylitol
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Figure 6. Graphical estimation of the thermodynamic parameters of both
A. platensis growth and its thermal inactivation.
Table 3. Thermodynamic parameters of A. platensis growth and
thermal inactivation
Phenomenon
H
(kJ mol−1)
S
(kJ K−1
mol−1)
G
(kJ mol−1) R2
Growth 98.2 −0.020 104.1 0.995
Thermal
inactivation
168.9 0.459 31.98 0.996
and 2,3-butanediol (H∗ = 58–80 kJ mol−1).31,46,47 This compar-
ison provides a thermodynamic justification of the typically-slow
growth of photosynthetic microorganisms, associated to the
energy-expensive use of CO2 as a carbon source. Anyhow, despite
the very large variability of the activation enthalpy of enzymatic
systems (H∗ = 10–97 kJ mol−1)33,48,49 the above value appears
to be consistent with the hypothesis that the phenomenon lim-
iting the growth and the productivity of any bioprocess, under
conditions of no substrate limitation, may actually be one of the
enzymatic reactions involved in the metabolism. It is also higher
than that reportedbySa´nchez-Luna et al.15 (H∗ = 59.3 kJ mol−1)
for the same microorganism cultivated in open pond at 6.0 klux
with urea as nitrogen source, probably because the lower initial
cell concentration (50 mg L−1) used by those authors could have
ensured better light availability to the cells along the cultivations.
Nonetheless, taking into account also the lower optimum tem-
perature obtained by those authors (29 ◦C), we can suppose that
some nitrogen limitation of growth due to ammonia off-gassing
occurred in the open system.
The standard enthalpy of growth inactivation (HoD =
168.9 kJ mol−1) is significantly higher than H∗, which is con-
sistent with the assumption of regarding this phenomenon as
due to thermal inactivation of the growth-limiting enzyme at
temperature higher than the optimum.39 That being so, a tem-
perature increase was likely to progressively shift the inactivation
equilibrium described by Equation (4) to the formation of the
inactivated form of the growth-limiting enzyme, thereby lead-
ing, at T > Topt , to the overall decrease in µm described in
Fig. 6 by the straight line on the left.15 The above HoD value
is in the range of values estimated for thermal inactivation of
many enzymatic systems (HoD = 160–235 kJ mol−1),33 microbial
growth (HoD = 139–179 kJ mol−1),32 and several bioprocesses
(HoD = 90–294 kJ mol−1).46,47 It is interesting to observe that
both H values are positive as expected by the fact that either
activation or thermal inactivation of A. platensis growth, thought
as enzyme-limited events, are endothermic processes.
Whereas the activation entropy of growth is negative (S∗ =
−0.020 kJ K−1 mol−1), asexpectedbyadecreased freedomdegree
of the activation state, the entropy variation of growth inactivation
is positive (SoD = 0.459 kJ K−1 mol−1), consistently with the
assumption that the equilibrium responsible for this phenomenon
is enzymatically controlled. Bothentropycontributionshave in fact
signs and absolute values consistent with those reported not only
for most whole cell-bioprocesses32,46,47 but even for enzymatic
reactions.15,32
Additionally, the positive value of the activationGibbs energy of
growth (G∗ = 104.1 kJ mol−1) is, as expected, very close to that
reported by Sa´nchez-Luna et al.15 (G∗ = 103.0 kJ mol−1) in open
pond. Finally, the combinationof theaboveenthalpic andentropic
contributions led to a positive value of the standard variation of
the Gibbs energy of thermal inactivation (GoD = 31.98 kJ mol−1),
which is consistent with the higher energy level of the inactivated
limiting enzyme with respect to its active form. Besides, it is
indicativeof the fact that, as expected, the inactivationequilibrium
is thermodynamically unfavored at the standard temperature of
25 ◦C, this value being lower than the optimum temperature
experimentally determined.
CONCLUSIONS
The experimental results of fed-batch autotrophic Arthrospira
(Spirulina) platensis cultivations, carried out at 120 µmol photons
m−2 s−1 light intensity in airlift tubular photobioreator at different
temperatures (T) and daily urea molar flow-rates (U), were utilized
for kinetic evaluation of growth using the final cell concentration,
cell productivity, yield of biomass on nitrogen and biomass
composition as responses.
Feeding urea as nitrogen source prevented the inhibitory effect
already observed with ammonium salts. The results obtained
were evaluated by response surface methodology which allowed
determining, through the simultaneous optimization of the
independent variables, optimal conditions of T = 31.7 ◦C and
U = 1.16 mmol L−1 d−1 for the growth during 7 days of culture.
Biomass lipid content was not influenced by the experimental
conditions adopted in this study, showing values within the range
reported in the literature for this microorganism (approximately
7%). On the other hand, for U ≤ 0.717 mmol L−1 d−1, biomass
protein content decreased with increasing temperature, whereas
the opposite took place at U ≥ 0.883 mmol L−1 d−1, and a
maximum value of 39.5% was obtained at T = 33 ◦C and
U = 1.879 mmol L−1 d−1.
Finally, the data of maximum specific growth rate of additional
cultivations carried out under optimum conditions of urea molar
flow-rate and variable temperature were used to estimate the
thermodynamic parameters of A. platensis growth in tubular
photobioreactor along with its thermal inactivation.
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